OBJECTIVES: Aortic stiffness is an emerging risk factor for cardiovascular disease. The predictive value of aortic pulse wave velocity (PWV) for quality of life (QoL) and severity of surgical aortic valve stenosis (AS) have not been examined.
INTRODUCTION
Recoil elasticity enables the aorta to maintain sufficient pressure during diastole for tissues to be adequately perfused following aortic valve closure. As the aorta becomes stiffer, this elastic capacity diminishes, and the aortic diameter varies less between systole and diastole. Aortic rigidity increases the speed of the pulse wave, systolic blood pressure (BP) and cardiac afterload. This subsequently produces microvascular tissue damage, which may in turn adversely affect organ function and, ultimately, the quality of life (QoL) of affected individuals.
The travelling velocity of a pressure wave is influenced by the elastic properties of the containing vessel, with stiffer walls producing higher velocity flow. Pulse wave velocity (PWV) is the gold standard assessment tool for arterial stiffness [1, 2] and has been shown to increase with age [3] . Furthermore, PWV has been strongly correlated with markers of atherosclerosis and coronary artery calcification [4] and is an independent predictor of all-cause and cardiovascular (CV) mortality in hypertension [5] , diabetes mellitus [6] , end-stage renal disease [7] and patients aged >70 years [8] . Despite this strong association between PWV and CV disease, PWV is not currently used in clinical practice, mainly because of the absence of reference values. In 2010, the Reference Values for Arterial Stiffness Collaboration published a set of normal values for PWV based on a population of 16 867 subjects from eight European countries [2] . The availability of these reference values could facilitate the assessment of PWV in different patient populations compared with normal values.
Only two studies have previously investigated the relation between PWV and aortic valve disease. Liu et al. [9] showed a significant association between increased aortic valve stenosis (AS) severity and high PWV values (invasive PWV). By contrast, Celik et al. [10] showed no association between PWV and aortic valve sclerosis. Such conflicting preliminary data have led to controversy regarding the presence and significance of abnormal PWV values in patients with aortic valve disease. Furthermore, no studies have investigated the relation between aortic stiffness and QoL in cardiac surgical patients. QoL outcomes after heart valve surgery have been reported [11, 12] ; however, only limited assessment of aortic stiffness has been performed before aortic valve surgery [13, 14] . Indeed, although both of the latter studies investigated the impact of aortic valve replacement (AVR) on aortic stiffness, neither PWV nor QoL was studied.
The objectives of this study were first to investigate the relation between aortic stiffness and surgical AS and, second, to assess the clinical utility of PWV in predicting QoL outcome measures in patients with AS before and after AVR. For the latter, we used the Quality Metric's SF-36v2® Health Survey and the European QoL 5-dimensions (EQ-5D™), because they are the most validated generic questionnaires.
MATERIALS AND METHODS
After obtaining ethical approval, patients with moderate to severe AS undergoing AVR at Hammersmith Hospital, London, UK, between June 2010 and August 2012 were recruited. All patients gave informed consent before inclusion. Patients were excluded if they had history of, or presented with, any of the following comorbidities, which may significantly affect the measurement of PWV: (i) aortic dissection; (ii) severe aortic regurgitation; (iii) thoracic aorta (more than just the root) or abdominal aortic aneurysm; (iv) Marfan's syndrome; and (v) chronic kidney disease.
Pulse wave velocity measurement protocol
Before the measurement, each patient abstained from tobacco, alcohol and caffeine for at least 2 h. Patients rested for at least 10 min in a quiet, temperature-controlled room (22-25°C). Brachial BP and heart rate were measured with an automated digital sphygmomanometer (Criticare System, Model 506N3, Waukesha, WI, USA).
The aortic PWV (carotid-femoral PWV) was obtained with an automatic applanation tonometry system (SphygmoCor Vx System, AtCor Medical, West Ryde, NSW, Australia). Briefly, while the patient was resting in a supine position, electrocardiogram (ECG)-gated pulse waveforms were obtained sequentially from the common carotid artery followed by the femoral artery. The propagation time of the pulse wave was measured from the foot of the carotid waveform to that of the femoral waveform referenced against the R wave on the recorded ECG. The transit distance was measured, in millimetres, over the surface of the body by subtracting the distance between the suprasternal notch and the carotid site from the distance between the suprasternal notch and the femoral site. The system software of the Sphygmocor device calculated PWV values in milliseconds automatically by dividing the distance travelled by the propagation time. Three to five readings of PWV were obtained per patient, and PWV was determined by averaging the measurements that met the quality control parameters as established by the SphygmoCor Clinical User Manual.
Quality-of-life assessment
Self-administered SF-36 and EQ-5D HRQoL questionnaires were used to assess QoL pre-and postoperatively. Postoperative QoL was reassessed at the follow-up visit more than 1 year after AVR (mean, 409 days).
European QoL 5-dimensions health questionnaire. The EQ-5D™ is a trademark of the European Quality of Life Group. The EQ-5D questionnaire can be self-administered or completed during an interview. It produces a descriptive profile and single index value that can be used for both clinical and economic studies. The questionnaire comprises two parts: (i) the descriptive system has five questions that reflect five health dimensions: mobility, self-care, usual activity, pain or discomfort and anxiety or depression. Participants respond to these questions by marking the most appropriate of three possible response levels (1: no problems; 2: some problems; 3: or extreme problems). The EQ-5D score is calculated by combining the scores from the five dimensions to form a five-digit number defining the respondent's health state. This can be converted into a single utility EQ-5D index by applying a formula that weights all levels in each dimension using an index tariff. The utility index value ranges from 0 (death) to 1 (full health); and (ii) the visual analogue scale (EQ-5D VAS) is a 20-cm vertical graph of an analogue scale that ranges from 0 (worst imaginable health status) to 100 (best imaginable health status). Participants are asked to assess their health state by drawing a line from the box marked 'your health state today' to the appropriate point on the scale [15] .
Quality Metric's short-form health survey (SF-36v2®). The SF-36 is a reliable and validated generic health questionnaire for measuring patient-reported outcomes assessing both physical and mental health components. These questions represent eight health domains: (i) physical functioning (PF); (ii) role physical (RP); (iii) bodily pain (BoP); (iv) general health (GH); (v) vitality (VT); (vi) social functioning (SF); (vii) role emotional (RE); and (viii) mental health (MH). In addition to these eight domains, the SF-36v2 provides scores for the physical component summary (PCS) and the mental component summary (MCS) [16] . SF-36 software calculates the score of each of the eight domains in a metric scoring system that ranges from 0 (worst possible health) to 100 (best possible health). In addition, the SF-36v2 results can be simplified with the norm-based scoring system (NBS), in which each health scale is calibrated against a normal general population using the same mean (50) and standard deviation (SD) (10) . It has the advantage of defining the status of each health domain or component summary in relation to the mean, without referring to tables of norms. Consequently, a participant who scores below 45 or groups with mean scores below 47 can be described as below the average range for the general population [16] .
Statistical analysis
IBM SPSS Statistics 18.0 software package and Microsoft Office Excel 2010 were used for all statistical analyses. All continuous variables were initially tested for normality with the Shapiro-Wilk test, and non-normally distributed variables were transformed for the purpose of regression analysis. The population characteristics were expressed as the mean ± SD (continuous variables) and as frequencies (categorical variables). P-values <0.05 were considered statistically significant.
One-way analysis of variance (ANOVA) was used to compare PWV values between different age groups. PWV was analysed as a continuous variable to verify the hypothesis; in addition, the published mean of normal value population per age group (subtracted method) was used to group our patients into PWV-norm group (with PWV measurement equal or below normal value for age group) or PWV-high group (with PWV measurement above the normal value for age group).
A comparative analysis between the PWV-norm and PWV-high groups was performed using independent samples t-tests or nonparametric equivalents (Mann-Whitney U-tests) for continuous variables, and Pearson χ 2 or Fisher's exact tests for categorical variables. Changes in health-status scores between the baseline and follow-up visits within each group were calculated with the paired-samples t-test. We also conducted a further analysis of the five EQ-5D dimensions by grouping Levels 2 and 3 of the responses ( patients with any problem reported) and comparing them between the PWV-norm and PWV-high groups using binary logistic regression analysis. To test the strength of a linear association between QoL components and PWV in patients with AS, we pooled all the QoL and PWV data from both groups into a bivariate correlation analysis (Spearman's rank-order correlation and point biserial correlation) for both pre-and postoperative stages. In addition, PWV, age and gender were incorporated in a multiple linear regression model to identify the independent predictors of QoL outcomes. The differences in the QoL outcomes measures between PWV-norm and PWV-high groups were tested with analyses of covariance (ANCOVA) using the baseline QoL scores as linear covariates. The variance because of the different on PWV was measured by partial eta squared ðh 2 p Þ. Sample-size calculation was based upon a level of significance of 0.05 for the primary outcome parameter (QoL) [17] . To detect statistically significant differences in QoL (SF-36) between the two groups of PWV of 1 SD (9.2 points) [18] with power of 80%, 18 subjects were calculated to be required in each group. Based on a correlation coefficient between PWV and QoL (PCS) of 0.91 [19] with an α-level of 0.01 and β-level of 0.01, 14 subjects were required to ensure adequate power. To compensate for common problems with sample procurement and processing, target recruitment was set at 20 patients.
RESULTS
From June 2010 to August 2012, 56 patients (16 females) with a mean (±SD) age of 71 ± 8.4 years were included in this study. Fifty (89%) patients attended follow-up and 6 refused to return after their initial enrolment at the preoperative stage. Mortality at follow-up was 0%. Thirty-five (62%) patients had PWV measurements equal or below the reference value for their age group (PWV-norm group) and 21 patients (38%) had PWV measurements above the reference value for their age group (PWV-high group). Table 1 summarizes the demographic and clinical characteristics of the patients in this study. There was no significant difference between the PWV-norm and PWV-high groups in terms of age, gender, classical haemodynamic measurements and other clinical characteristics shown.
Pulse wave velocity in patients with aortic stenosis
The overall mean PWV value was 9.3 ± 2.2 ms; however, it is known that PWV increases with age and our results confirmed that a significant difference existed between different age groups (P = 0.001, ANOVA), but not between males and females (P = 0.34). The correlation coefficient between age and PWV was 0.5 (P < 0.01), and the beta coefficient of their linear regression was 0.49 (P < 0.01). Interestingly, the mean PWV value for each age group was not higher than the reference value derived from the normal European population [2] . However, 21 patients (38%) had PWV values that were higher than the reported reference value, which represents the group of interest (PWV-high group). There was no significant difference between the PWV-norm and PWV-high groups in the severity of AS, as assessed by the aortic valve mean gradient (AVMG), aortic valve peak gradient (AVPG) and aortic valve area (Table 1 ). Spearman's correlation analysis using PWV as a continuous variable confirmed the absence of any relation between AS parameters and PWV (P-values: 0.69 for AVMG; 0.10 for AVPG; 0.69 for aortic valve area). Concomitant coronary artery bypass grafting (CABG) procedure was not associated with or related to PWV value, correlation coefficient was 0.18 (P = 0.17) and the P-value of the binary logistic regression was 0.13.
The relation between pulse wave velocity and quality-of-life outcomes
With the EQ-5D questionnaire, the PWV-norm group had significantly better QoL scores than the PWV-high group in terms of the EQ-5D-VAS (P < 0.001) and the EQ-5D index (P = 0.03) at the baseline preoperative assessment (Fig. 1) . The average scores of both groups in the EQ-5D VAS were markedly improved after surgery from 77 ± 10 to 88 ± 7 (P <0.001) in the PWV-norm group and from 62 ± 10 to 75 ± 12 (P <0.001) in the PWV-high group. In the EQ-5D index, the scores improved from 0.79 ± 0.12 to 0.97 ± 0.06 (P <0.001) for the PWV-norm group and from 0.71 ± 0.18 to 0.78 ± 0.17 (P = 0.19) for the PWV-high group. The postoperative scores for the PWV-norm group continued to be significantly better than those of the PWV-high group (Fig. 1) . To identify which dimensions of the EQ-5D contributed most to this difference, binary logistic analysis was performed between patients who reported any problem in the five dimensions of the EQ-5D and those who did not in both groups. This revealed that only mobility (P = 0.02) and activity (P = 0.05) were significantly better in the PWV-norm group than the PWV-high group preoperatively, which then changed to activity (P < 0.01) and pain or discomfort (P < 0.001) postoperatively (Table 2 ).
In the SF-36 questionnaire, the PWV-norm group scored better than the PWV-high group in the physical health domains preoperatively and in all health domains postoperatively (Table 3) . Postoperatively, the PWV-norm group had improved in all SF-36 health domains either significantly or clinically, and similar findings were found in the PWV-high group, with the exception of the GH and RE domains (Table 3) . Table 3 demonstrates the significant correlation between the pre-and postoperative scores for PF, RP and VT domains.
Further analysis using the NBS system (Fig. 2) showed that preoperative scores for the PWV-high group were below the average range for the general population (<47) in all domains except mental health, whereas only the PF, RP and SF scores of the PWV-norm group were below the average range for the general population. Postoperatively, QoL scores for both groups improved; however, the scores of the PWV-norm group were significantly better in all health domains (Fig. 2) .
The relation between actual PWV measurements and the QoL components summaries was tested using Spearman's correlation. Significant correlations were found between PWV and the EQ-5D index, EQ-5D VAS and PCS scores at both the pre-and postoperative stages (Table 4 ). This relation ( point biserial correlation) became stronger if the PWV were categorized according to normal PWV reference values (PWV cut-off ), particularly at the postoperative stage (Table 4) .
To exclude any effect of postoperative medication on QoL, medication history was also recorded. No significant difference was found between the PWV-norm and PWV-high groups (Pearson χ 2 ) in the use of aspirin (P = 0.53), warfarin (P = 0.48), statin (P = 0.22), β-blockers (P = 0.34) and angiotensin-converting enzyme inhibitors (P = 0.07).
Multiple regression analysis
To identify potential predictors to be entered into multiple regression analysis, bivariate correlation between the following variables (52) 4 (8) 1 (3) 3 (15) EQ-5D: European QoL 5-dimensions; PWV: pulse wave velocity; SD: standard deviation. *P-value is for the PWV-norm versus PWV-high groups (independent samples analysis). **P-value is for the pre-op versus post-op score (paired-samples analysis). SF-36: short-form health survey 36; PWV: pulse wave velocity; EQ-5D: European QoL 5-dimensions. Figure 2 : Changes between the pre-and postoperative score for each SF-36 domain (norm-based scores) for both the PWV-norm and PWV-high groups. Lateral P-value is for the PWV-norm versus PWV-high groups (independent samples analysis); central P-value is for the preoperative versus postoperative groups ( pairedsamples analysis). PWV: pulse wave velocity; SF-36: short-form health survey 36; VAS: visual analogue scale.
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was determined: SBP, DBP, MAP, PP, BMI, DM, hypertension, AVPG, AVMG, aortic valve area, ejection fraction, cholesterol level, triglyceride level, concomitant CABG and QoL components summaries. Significant correlation was found between preoperative EQ-5D VAS and aortic valve area and between postoperative SF-36 PCS and cholesterol. Therefore, multiple regression analysis was conducting using only classical variables of age and gender in addition to PWV as predictors for the main QoL component summaries.
Multiple regression analysis: pulse wave velocity as a continuous variable PWV was an independent predictor of the preoperative PCS (P = 0.02) and EQ-5D VAS scores (P = 0.02), and postoperative PCS (P = 0.02), EQ-5D index (P < 0.01) and EQ-5D VAS scores (P = 0.05).
Multiple regression analysis: pulse wave velocity as a dichotomous variable PWV (dichotomous) was found to be the only independent predictor for QoL outcomes at both, pre-and postoperative stages (with exception of preoperative MCS) ( Table 5 ). ANCOVA analysis revealed that, after adjustment for preoperative QoL score, there was a statistically significant difference in postoperative QoL score between the two PWV groups (Table 6 ).
DISCUSSION
The results of this study confirm our main hypothesis that aortic stiffness (assessed by PWV) is associated with QoL pre-and Table 4 : Bivariate correlation matrix, Spearman's rank-order correlation for the EQ-5D index, EQ-5D VAS, PCS (SF-36 post-AVR, independent of AS severity. By demonstrating no significant relation between aortic PWV and surgical AS, this study also supports the hypothesis that AS is an isolated pathology not directly associated with aortic wall changes, and confirms that the observed relation between PWV and QoL is not attributable to AS severity. Finally, our study confirms the previously published finding of a significant relation between age and aortic stiffness. Notably, there was no significant difference in routine noninvasive haemodynamic measurements (SBP, DBP, MAP and PP) between PWV-norm and PWV-high patients, highlighting the inability of such classical CV assessment tools to reflect actual vascular wall status [20] . Although risk factors such as bicuspid aortic valve, diabetes and hypertension also correlate with aortic stiffness, these factors were not significantly different between PWV-high and PWV-norm patients. The aim of this study was to explore the relation between aortic stiffness and QoL regardless the aetiology of this high PWV, and we believe that these results demonstrate that PWV might in fact provide a more sensitive assessment of the CV system than traditional clinical risk factors or functional haemodynamic measurements.
To date, only two studies have addressed the relation between PWV and AVD [9, 10] . Furthermore, these results were inconsistent and neither addressed a European population. Similarly, only two studies have investigated the relation between PWV and QoL or functional status, again producing contradictory findings [19, 21] . Therefore, this is the first study of its kind to address this relation in patients with AS. Preoperatively, higher PWV significantly correlated with poorer QoL scores in term of mobility, activity, EQ-5D VAS and EQ-5D index of the EQ-5D health questionnaire, and in the PF, RP, BoP, GH and PCS components of the SF-36. In fact, the mean PCS of PWV-high patients was approximately 1 SD below the mean of the general population (Fig. 2) . These findings are similar to those of Brunner et al. conducted in a generally healthy population [19] . Postoperatively, as anticipated, both groups improved in almost all health domains when compared with preoperative scores. However, the mean degree of improvement for the QoL measurements was higher for PWV-norm patients, with the exception of the EQ-5D VAS and BoP domains. This means that QoL differences were even larger postoperatively in favour of the PWV-norm group. These differences were supported by bivariate correlation analysis, which revealed a significant association between PWV values as a measure of aortic stiffness and the EQ-5D index, EQ-5D VAS and PCS component, which was stronger postoperatively (Table 4) .
Strengths
This study was conducted using PWV measurement, the gold standard method for the assessment of aortic stiffness. To the best of our knowledge, this is the first study to investigate the relation between PWV as a measure of aortic stiffness and QoL outcomes in surgical AS in a European population. It has the advantage of comprehensive follow-up data that enable analysis of QoL changes over time in relation to independent predictors. Additionally, it extends the data that correlate aortic stiffness and QoL, but in a disease-specific population. Although these findings might not change clinical practice at present, they provide strong preliminary data for future investigations that will test the use of PWV as a preoperative predictor of postoperative outcomes.
Limitations
Some might argue about the very specific disease population studied, and that it would be better if we had involved other surgical procedures. Unfortunately, the resources available to study the relation between PWV and QoL was limited to 56 patients, and the study was limited to patients with AV alone for two reasons: (i) to assess whether aortic valve pathology was related to aortic wall pathology; and (ii) to reduce the number of confounding factors affecting QoL, such as myocardial pain and left ventricular function. We were unable to identify any demographic or clinical variables that could explain the difference in PWV values that existed between the two groups. However, this might have been the consequence of the relatively small number of patients studied or of factors not assessed in this study. Future studies should investigate the role of such factors, including aortic size at different levels (root, ascending and abdominal aorta), tumour necrosis factor alpha, high sensitivity C-reactive protein, plasminogen activator inhibitor-1 and elastin-derived peptide [22] . Finally, although our sample size was larger than that of previously published studies [9, 13, 14] and sufficient to detect statistical significance, it is not sufficiently powered for multiple regression models including more than four to five independent variables.
CONCLUSIONS
These results confirm an improvement in QoL following AVR for AS, and that this improvement might be predicted by aortic stiffness. This is the first study to demonstrate the association between high PWV and poorer patient-reported functional status in surgical AS, adding new predictive and clinical applications to the measurement of PWV. Our results add to the accumulating evidence surrounding the predictive value of PWV, which might lead to its use as a routine noninvasive tool for the clinical assessment of CV risk. Further larger-scale research into the relation between PWV and postoperative functional outcomes, taking into consideration the effect of classical risk factors, such as bicuspid aortic valve, diabetic and hypertension, and in other disease-specific populations, is now required. In this way, we could evaluate the use of aortic PWV as a predictor of postoperative outcome and its potential for inclusion in operative risk stratification systems.
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